No afterdepolarizations were noted in the monophasic action potential recording. Nonsustained monomorphic ventricular tachycardia occurred spontaneously in two dogs, and sustained ventricular tachycardia could be induced by programmed stimulation at the end of the dosing protocol in five of 11 animals. Sodium bicarbonate promptly decreased cocaine-induced QRS prolongation to nearly that measured at baseline but had no effect on the other electrocardiographic or hemodynamic variables. In one dog, sodium bicarbonate administration was associated with reversion of ventricular tachycardia to sinus rhythm.
Conclusions. We conclude that high-dose cocaine possesses negative inotropic and potent type I electrophysiological effects. Sodium bicarbonate selectively reversed cocaine-induced QRS prolongation and may be a useful treatment of ventricular arrhythmias associated with slowed ventricular conduction in the setting of cocaine overdose. (Circulation 1991; 83:1799 -1807 T he abuse of cocaine has become a major medicosociological problem in the United States. Estimates suggest that at least 30 million Americans have tried cocaine, and more than 5 million use it on a regular basis.1,2 In addition to its other detrimental effects, cocaine usage is associated with a variety of adverse cardiovascular events, including acute myocardial infarction, arrhythmias, and death due to sudden cardiac arrest. [3] [4] [5] [6] [7] [8] [9] The temporal relation between cocaine ingestion, acute myocardial infarction, and death is well established3,4; however, ventricular arrhythmias and sudden death have been described in the absence of acute myocardial infarc-tion, suggesting that mechanisms other than ischemia may also be involved.5-9 Available data in experimental animals suggest that cocaine has both direct sodium channel-blocking10'1' and indirect catecholamine-mediated12-14 electrophysiological properties that can precipitate malignant ventricular arrhythmias. The purpose of this study was to investigate the hemodynamic, electrocardiographic, and electrophysiological effects of cocaine at high doses and to evaluate sodium bicarbonate administered intravenously as a potential antidote to the cardiovascular effects of cocaine.
Methods

Animal Preparation
Eleven adult mongrel dogs (weighing 18-26 kg) were anesthetized with 30 mg/kg sodium pentobarbital i.v. Additional pentobarbital was given as needed to maintain anesthesia. The dogs were ventilated with a Harvard respirator (Harvard Apparatus, South Natick, Mass.) connected to an endotracheal tube. Oxygen was administered through the Harvard respirator at a rate of 5 1/min. A luminal catheter was placed in the left carotid artery to monitor aortic blood pressure. A Swan-Ganz catheter was inserted into the right internal jugular vein and was positioned in the pulmonary artery. The chest was opened through a left thoracotomy in the fifth intercostal space. The heart was exposed and suspended in a pericardial cradle. The left anterior descending coronary artery was dissected free, and an ultrasonic transit time coronary blood flow monitor15 (Transsonic Systems, Ithaca, New York) was placed just distal to the first diagonal branch.
Experimental Procedures
Leads II and aVL of the surface electrocardiogram were continuously monitored. All electrocardiographic intervals were determined by averaging five consecutive complexes. Baseline arterial blood gases were analyzed before cocaine administration to confirm that they were within the normal physiological range. Arterial and pulmonary artery blood gases were analyzed by an automated blood gas analyzer. Cardiac output was calculated by the estimated Fick method. Total coronary vascular resistance was calculated as mean arterial pressure divided by mean coronary blood flow and was expressed in millimeters of mercury. minute/milliliter.
Ten bipolar platinum wire plunge electrodes were placed randomly throughout the left and right ventricular endocardium. Ventricular effective refractory periods were determined at each of the 10 electrode sites by the extrastimulus technique with a programmable stimulator (5325, Medtronics, Minneapolis, Minn.). A train of eight paced beats (S,) was initiated at a cycle length of 300 msec. After the last paced beat, a premature stimulus (S2) was delivered at a coupling interval of 250 msec. The interval between S, and S2 was shortened by 5 -msec decrements until S2 failed to produce ventricular capture.
The S1-S2 interval was increased by 10 msec and then decreased by 1-msec steps until S2 failed to produce ventricular capture twice. The refractory period at each site was defined as the longest interval between S, and S2 that failed to produce ventricular capture.
Temporal dispersion of the refractory periods as measured from the 10 electrode sites in each dog was assessed by two methods: 1) a ratio of sample variance before and after cocaine administration (F ratio) and 2) the difference between the longest and shortest refractory period in a given dog divided by the mean refractory period in that dog and expressed as percent dispersion. The percent dispersion before and after cocaine administration was then compared.
Programmed ventricular stimulation to assess inducibility of ventricular arrhythmias was performed from one ventricular endocardial site. One extrastimulus was introduced after a train of eight ventricularpaced complexes at a cycle length of 300 msec as described above. The first extrastimulus was then positioned 10 msec beyond its refractory period, and a second extrastimulus (S3) was introduced at an S2-S3 coupling interval of 300 msec. The S2-S3 interval was decreased by 10-msec steps until S3 failed to produce ventricular capture. Burst ventricular pacing was performed by pacing the ventricle for 10-15 complexes. The cycle length was decreased by 10-msec steps from a cycle length of 400 msec to 250 msec. Pacing was performed twice at each cycle length.
A suction electrode was placed on the epicardial surface of the left ventricle to record monophasic action potentials.'6 The monophasic action potential duration was measured at 90% amplitude. Filters were set between 0.5 and 500 Hz for surface electrocardiograms, between 30 and 500 Hz for bipolar intracardiac electrograms, and between 0.5 and 500 Hz for monophasic action potentials. Surface electrocardiograms, bipolar intracardiac electrograms, monophasic action potentials, arterial blood pressure, coronary artery blood flow, and pulmonary artery pressure were continuously monitored and intermittently recorded at a paper speed of 100 mm/sec with multichannel amplifiers and recorder (Electronics for Medicine. Kingwood, Tex.).
Experimental Protocol
After all baseline hemodynamic and electrophysiological data had been collected, a bolus of 5 mg/kg i.v. cocaine HCI was administered during a 5-minute period. Immediately after bolus administration, a cocaine infusion of 0.2 mg/kg/min was begun, and the infusion was continued for the duration of the study. Five minutes after completion of the first bolus, all hemodynamic and electrophysiological data were recorded, and arterial and pulmonary artery blood samples were obtained. Repeated determinations of ventricular effective refractory periods from the 10 endocardial sites were made during a 30-to 45-minute period. A second bolus of 5 mg/kg cocaine was then administered, and all hemodynamic, electrocardiographic, and blood gas data were obtained immediately before and 5 minutes after administration. Programmed ventricular stimulation was performed as described above. After programmed stimulation, a third bolus of 5 mg/kg cocaine was administered unless the second bolus had caused ventricular arrhythmia or cardiogenic shock (defined as a mean arterial pressure <60 mm Hg). Electrocardiographic and hemodynamic data were recorded immediately before and 5 minutes after the third bolus. Arterial blood was obtained for analysis of cocaine serum concentrations at baseline (before the first bolus) and during cocaine infusion immediately before and 5 minutes after each subsequent bolus. Cocaine serum concentrations were analyzed by use of gas-liquid chromatography according to the method of Javaid et al. 17 Sodium 
Results
Effects of Cocaine on Hemodynamics
The hemodynamic effects of cocaine are summarized in Table 1 . Cocaine caused dose-related changes in most of the measured hemodynamic parameters. Mean arterial blood pressure decreased from 103±23 at baseline to 87+24 mm Hg immediately before the second bolus (p<0.0001). Subsequent cocaine boluses further decreased arterial pressure. Cocaine decreased mean cardiac output from 4.24+1.29 at baseline to 3.03 ±0.89 1/min before the second bolus (p<0.0001). The second cocaine bolus further decreased mean cardiac output to 1.98±0.59 1/min (p<0.0001). Systemic vascular resistance tended to increase after cocaine administration, but these changes were not significantly different from baseline. Mean pulmonary artery pressure did not change significantly after cocaine administration; however, pulmonary vascular resistance increased from 136+64 at baseline to 220+86 dynes * sec/cm5 after the first bolus (p<0.0001).
Mean coronary blood flow decreased significantly from 16.6±+14.1 at baseline to 9.6+7.2 ml/min after the first cocaine bolus (p<0.0001). Subsequent cocaine boluses further reduced coronary blood flow. Cocaine increased coronary vascular resistance from 8.6+2.9 at baseline to 17.7+10.5 mm Hg * min/ml after the second cocaine bolus (p<0.0001).
Effects of Cocaine on Electrophysiology
The first cocaine bolus significantly increased mean sinus cycle length; PR, QT, QTc, JT, and JTc Figure  2 . There was no difference between mean cocaine serum concentration measured 5 minutes after the first bolus (4.8±+2.2 ,ug/ml) and that before the second bolus (4.2+ 1.8 ,ug/ml) ( (Table 4) . 
Effects of Sodium Bicarbonate
Compared with baseline, cocaine did not produce a significant change in arterial pH; however, sodium bicarbonate significantly increased arterial pH from 7.32±+ 0.05 after the second cocaine bolus to 7.51±0.13 after sodium bicarbonate administration (p<0.0001 versus baseline) ( Table 2 ). Sodium bicarbonate did not reverse any of the hemodynamic effects of cocaine (Table 1) . Similarly, sodium bicarbonate had no significant effect on reversing cocaineinduced prolongation of sinus cycle length, PR, QT, QTc, and JTc intervals or monophasic action potential duration (Table 2) .
In contrast, sodium bicarbonate significantly shortened cocaine-induced QRS prolongation to near that measured at baseline. Mean QRS duration decreased significantly from 98±14 after the third cocaine bolus to 70±9 msec after sodium bicarbonate administration (p<0.0001). This decrease was dramatic and immediate. An example is given in Figure  3 . The QRS duration in control dogs given dextrose did not change and was significantly different (p<0.05) from that observed after sodium bicarbonate administration (Figure 4) . The mean serum cocaine concentration was 9.8 ±2.9 before and 12.2 ±5. 6 ,ug/ml after sodium bicarbonate administration; therefore, the abrupt shortening of QRS duration cannot be explained by a decrease in cocaine serum concentration. Of note, one dog with inducible sustained ventricular tachycardia converted to sinus rhythm immediately after the administration of sodium bicarbonate. Further attempts to induce ventricular tachycardia in this dog after sodium bicarbonate administration were not successful. The effects of cocaine and sodium bicarbonate on the surface electrocardiogram of this dog are shown in Figure 5 . When all ventricular arrhythmias, spontaneous and induced, sustained and nonsustained were analyzed, seven of 15 dogs had ventricular tachycardia after cocaine administration alone, whereas only three of 10 dogs had ventricular tachycardia after cocaine and sodium bicarbonate (p<0.05).
Discussion
Widespread use of cocaine in the United States has led to an increased awareness of the cardiovascular morbidity and mortality associated with its use,3-9 but the pathophysiological mechanisms of these events are unclear. Previous investigations into the effects of cocaine have produced conflicting data that reflect both the complex pharmacological actions of cocaine and differences in experimental design. Cocaine has direct effects stemming from its local anesthetic properties and indirect effects mediated through the central and autonomic nervous systems."1 Differences in experimental design, that is, the animal model used, whether the experiment was in vitro or in vivo, whether the animal was awake or unconscious, the type of anesthetic used, the dose of cocaine administered, or the rate of cocaine administration, may emphasize different aspects of cocaine's properties resulting in diverse responses. The experimental model used in this study was designed to examine the effects of repeated high doses of cocaine in an anesthetized canine model.
Effects of Cocaine on Hemodynamics
High-dose intravenous cocaine produced dose-dependent decreases in arterial blood pressure and cardiac output. Previous studies reported that low-dose cocaine increased cardiac output and blood pressure in conscious experimental animals18419 and humans20; however, a recent study using an isolated dog heart preparation found that cocaine produced a dose-dependent decrease in contractility.21 High doses of intravenous cocaine administered rapidly also decreased indexes of left ventricular function in intact dogs.22 At high doses, then, the cardiodepressant effect of cocaine may override its sympathomimetic effects.2'
The decrease in coronary blood flow that was observed after cocaine administration is also consistent with that seen by other investigators. Cocaine has been noted to cause vasoconstriction of vascular smooth muscle in vitro,23 to decrease coronary artery cross-sectional area and coronary blood flow, and to increase coronary vascular resistance in dogs22,24,25 and humans.26 Despite the significant decreases in coronary blood flow and increases in coronary artery resistance produced by cocaine in the present study, electrocardiographic evidence of ischemia or infarction was not observed.
Effects of Cocaine on Electrophysiology
In this study, cocaine caused dose-dependent increases in sinus cycle length. Recent intracellular work demonstrated that cocaine causes concentration-dependent depression in sinus node automaticity. 10 In humans, although low doses of cocaine may cause catecholamine-related sinus tachycardia,27,28 higher doses as used here and by others22 cause sinus node depression.
The other electrophysiological effects of cocaine appear to be similar to those produced by type I antiarrhythmic agents.10 Cocaine significantly slowed cardiac conduction as measured by its effects on prolonging the PR interval and QRS duration. Because these electrocardiographic changes occurred in the setting of decreasing heart rate, they were unlikely to be due to rate-dependent effects of cocaine. In addition, the effects of cocaine on the QT interval, action potential duration, and ventricular effective refractory period indicate that repolarization was also prolonged. In animal models, cocaine has significantly prolonged the PR, QT, AH, and HV intervals and has increased the QRS duration. [29] [30] [31] [32] In contrast to the dose-dependent effects of cocaine on sinus cycle length and on PR and QT intervals, the ability of cocaine to prolong the QRS duration was more transient. 
Conclusion
In conclusion, high doses of intravenous cocaine produce dose-dependent decreases in blood pressure, cardiac output, and coronary blood flow in anesthetized dogs. Cocaine also significantly prolongs sinus cycle length, PR, OT, and QTe intervals and increases the QRS duration. Dispersion of ventricular effective refractory periods is also increased by cocaine. Spontaneous ventricular arrhythmias were uncommon, suggesting that cocaine-related arrhythmias may be more likely to occur in the setting of some other cocaineinduced condition, such as ischemia. Sodium bicarbonate selectively reverses cocaine-induced QRS prolongation and may be a useful antidote in the setting of cocaine overdose complicated by slowed ventricular conduction. Further investigation (particularly at the cellular level) is required to elucidate the mechanism(s) of sodium bicarbonate's ability to reverse cocaine-induced conduction defects.
